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INTRODUCTION

The plasma membrane of a living cell can be regarded
as a boundary between two distinct ionic environments .

Out-

side the cell, sodium is found to be the major cation of the
extracellular fluid (142 mEq/1) while potassium's concentration is quite low (5 mEq/1).

The situation is reversed in

th e cell interior, where potassium is the dominant cation
(140 mEq/ 1) and sodium i on levels are ne g ligible (10 mEq/1).
High

int ern~l

potassium concentration is a prerequisite for

glycolysis, since pyruvate kinase is a potassium-dependent
enzyme.

Similarly, prote in synthesis on ribosomes shows a

requirement for high l e ve ls of potassium ion.
The e xistence of a differentia l distribution of ions,
coupled with the membrane' s preferential permeability to
potassium~

gives ris e to a transmembrane potential in vir-

tually a ll types of cells.

This membrane potential is exploit-

ed by nerve and muscle ce lls as the basis of the e l ec trochemical conduction phenome non.

The fl ow o f sodium and potassium

ions down t heir gradient s during the depolarization and repolarization of the s e cell type s would eventually abolish
their diff er ential di stribution across the membrane if left

1

unopposed.
Furthermore, high internal concentrations of

non~

diffusable solutes (proteins, ATP, phosphocreatine) create
an osmotic pressure which drives water into the cell.

This

effect would swell and burst the cell unless it could be
compensated for by the active extrusion of ions.
To many investigators, these observations suggested
the existence of a molecular "pump" mechanism responsible
for the maintenance of the ionic gradients.

Extensive

research over the last twenty years has resulted in the
assignment of this role t o the magnes ium-dependent , sodiumand potassium-stimulated adenosine triphosphatase, first
report ed by Skou in 1957.

This membrane-bound enzyme is

the subject of the research presented in this thesis.

LITERATURE SURVEY

·cati6n Trartsport

Adeno~irte

T~iph6sphatase

The proposed molecular pump for cation transport must
operate against existing ionic gradients.

A thermodynamic

consideration of this problem demands an expenditure of energy,
and in biologi cal systems this suggests the involvement of
adenosine triphosphate (ATP).

An absolute r equirement for

ATP in the transport of sodium and potassium was f irst
demonstrated_ by Schatzmann (195 3 ) in the erythrocyte.

These

experiments also demonstrated inhibit ion of sodium and potassium
transport by the cardiac glycoside ouabain.
Using homogenates of the l eg nerves from the shore crab
Carcinu s maenas, Skou ( 1957) was able to demonstrate enzymat i c
hydrolysis of ATP s ub strate in membrane-rich fra ction s .

A very

low l evel of inorganic phosphate (Pi) release was obs erved
in the presence of ATP alone, and this activity was increased
with the addition of magnesium to the reaction mixture.
Further stimulation of adenosine triphosphatase (ATPase)
activity was observed when sodium ion was included in the
incubation mixture.

The addition of l ow concentrations of

pot assium to th e Na+Mg system produced activati on .

?
J

The
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enzyme's requirement for sodium and potassium ions and
ATP led Skou to the conclusion that the membrane ATPase
might repre sent the biochemical basis for cation transport.
Further studies with this preparation (Skou, 1960)
revealed inhibition of the ATPase by ouabain, and characterized potassium's inhibition on the basis of competition .with
sodium for binding to the enzyme.

From the results of these

studies, a three-step mechanism was proposed:

(1)

E + ATP + 2 Mg 2+ + nNa+ + mK+ ~

mK
(2) E·Mg2ATP
nNa

(3)

mK
E-P
nNa

~

* mK
E-P
nNa

mK
E·Mg 2ATP
nNa

+ 2 Mg++ + ADP

E + P . + nNa+ + mK+
1

In this mechanism, steps 1 and 2 describe the phosphorylation of the ATPase enzyme (E), which requires all three
cations for maximum activity and ATP as a phosphate source .
The rate of s t ep 3 (dephosphorylation) is enhanced with
increasing concentrations of potassium i on.

The inhib-

ition produced by ouabain appeared to take place at the
dephosphorylation step.

Furthermore, these experiments

suggested that at intracellular concentrat ions of sodium
ion, only forty percent of the sodium s ites were bound .

5

This immediately suggested a self-regulatory mechanism for
the ATPase based on the competition between sodium and
potassium for binding to the sodium sites.

As the

intra~

cellular ratio of Na+;K+ increased, more sodium ions
would interact with these binding sites, resulting in
stimulation of the ATPase.

Conversely, as the ratio de-

creased, potassium's competition with sodium would be
favored and inhibition of the enzyme would occur.
Other investigators (Czerwinski et· al., 1967) reported
the existence of a sodium-stimulated, magnesium-dependent
ATPase (Na-ATPase) in erythrocytes which was potassiuminhibitable.

The substrate Km for this enzyme was found to
be 2.2 X lo-7 M ATP, which differed from the range of lo- 4 to
lo- 6 reported for the (Na+K)-ATPase (Post et· al., 1960;
Tosteson, 1963).

Ouabain inhibition was also demonstrated.

The authors suggested that a new ATPase had been discovered
which may be involved in the transport of glucose and
amino acids - processes which were known to require sodium
ion and were also inhibited by ouabain.

However, cortisone

(a known inhibitor of glucose and amino acid trans port) had
no effect on the Na-ATPase activity in this preparation.
Similar findings were obtained by Neufeld and Levy

(1969) from experiments with micro8omal fractions of
calf brain cortex,

leadi~g

these r e searchers to formulate

a "two site-hypothesis" to explain the apparent mul t iplicity

6
of ATPase activities .

In this model, each sit e requires

both sodium and magnesium ions, and one site (Site :C)
additional requirement for potassium ion.
(Site II) is inhibited by potassium ion.

has an

The other site
In media co ntaining

low concentrations of ATP (lo- 6 to 10-7M) and low p otassium
($2.5 mM),both sites operate simultaneously.

The authors

suggest that the extra site (Site II) may be involved in the
transport of sodium, amino acids, sugars, norepinephrine,
GABA and ammonium ion, making this site comparable to the
previously mentioned Na-ATPase.
Drawing upon results obtained from a guinea pig kidney
preparation, Post et al. (197 2 ) advanced a theory which
unifies the assortment of ATPase activities reported previ ously .

It was their contention that sites I and II , Na-ATPase,

an d (Na+K)-ATPase activities were all kinet ic f eatures of a
singl e enzyme complex, th e mechanism of which is diagrammed
in Figure 1.

By b eginning in the middl e of the diagram with

free enzyme (E 2) ,the sequence of r eactions can be fol lowed.
With the binding of Na~ phosphorylation of the enzyme i s
stimulated .

ATPa serves as the phosphate donor, and this

reaction occurs at low concentrations of ATP (Km=0.3

~ ~).

Two possible fates exist for the phosphory lated intermediate Na · El - P.

It can spontaneously lose its phosphate,

thereby r egene rating the ATP-s e nsitive int ermediate Na · E1 , or
it can bind K+ whic h in turn markedly stimu lat es th e dep hos phorylation of the enzyme -phosphate complex.

If ATPb is

7
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• Na · E1 - ATPI

Na +

"

K • E2 - P - - " ' - - - - _ . K • E 2

K • E2 - ATP

ATPb

Figure 1.

Proposed Model For the Mechanism of the
(Na+K)-ATPase (Post et al., 1972).
Refer to text for a discussion and e xplanation of symbols .

present in high enough concentrations (Km=lo-4M), then the
dissociation of K+ from the enzyme is promoted.
By this model, ATP has two distinct modes of

inter~

action with the enzyme, including its function as a phosphate
donor (ATPa) and as an accelerator of potassium's dissociation
from its stable complex with the enzyme at higher ATP
trations (ATPb).

concen~

One "sees" different portions of the overa11

ATPase activity, dependingon the potassium ion and ATP concentrations present in the assay.

Na-ATPase and Site II

activity would be represented by the reaction steps enclosed
within the dashed area of the diagram.
The Monovalent Cation Binding Sites and the Stoichiometrx.
of the Transport ATPase
Working with resealed erythrocyte ghosts, Garrahan and
Glynn (1967) elucidated the stoichiometry of the sodium
pump, reporting that three sodium ions were transported out
of the cell against an electrochemical gradient for every
two potassium ions transported inward.

Potassium transport

occurs against a chemical, but down an electrical gradient.
The net effect is the outward transport of a positive charge,
therefore the pump· is electrogenic.
Consistent with the overall stoichiometry, the kinetics
of potassium activation indicate two nonequivalent and
independent potassium sites with high affinity for this ion,
and low affinity for sodium.

Sodium activation of the enzyme

is consistent with three equivalent and j_ndependent sites,

all possessing high affinity for sodium and low affinity for
potassium (Lindenmeyer et·

~1.,

197 4).

A variety of monovalent

cations will substitute for potassium at its site, but the
sodium site appears to be relatively specific for this ion
(Laris and Letchworth, 1962; Glynn, 1962).
Green and Taylor (1964) showed that (Na+K)-ATPase
activity responds in a sigmoidal fashion to increasing
centrations of potassium.

con~

This deviation from the usual

hyperbolic response was shown to be a function of the sodium
concentration, such that increasing concentrations of sodium
resulted in increasing deviation from the hyperbolic curve,
These results suggested a positive cooperativity between
potassium and sodium binding sites.

This observation was

explained by Gache et al. ( 1976), concluding that the
binding of sodium ions to their specific stimulatory sites
provokes the formation of a high affinity type of site
for potassium.
The binding of sodium ions to their sites on the ATPase
can shift the enzyme conformation to E1 , the phosphorylatable
state (Foster and Ahmed, 1976).

The E 2 (potassium-accepting)

conformation is favored when water molecules are present at
the active center.

These self-regulated, shifting ion

affinities are reminiscent of Shaw's (1954) early proposal
of a single carrier molecule for ion transport with two
distinct states:
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State I:

High sodium affinity, low potassium affinity.

State II:

Low sodium affinity, hi gh potassium affinity.

By alternating between these states, the carri er could selectively pick up potassium at the cell exterior in State II,
transport the ion to the cell interior, then convert to .
State I and dissociate from the potassium ion.

The carrier

would then be prepared for the outward transport of sodium.
The details of the actual translocation of sodium and potassium
are still in question, but it is almost certain that the
observed conformational and ion affinity shifts are the
physical basis of th e process.

The Role of

Magnes iu~

In his original observations of the (Na+K)-ATPase, Skou
(1957) noted that maximal activity occured when magnesium
ion and ATP were present in equimolar concentrations, leading
him to the conclusion that a Mg-ATP compl ex was t he true
s ubstrat e for the enzymati c reaction.

In addition, it was

shown that the presence of cal c ium ion decreased the activity
of the magnesium-dependent ATPase, suggesti ng that calcium
may compete with magnesium for binding to ATP.

Hexum et al .

(1970) confirmed th e Mg-ATP complex as the true s ubstrate
for the ATPase by kinetic analysis.

They were able to show

that free ATP is a competitive inhibitor of the complex , and
that free magnesium ion acts as a noncompetitive inhibitor.

11

Tashima et al. (1975) and Bodemann and Hoffman (197 6b)
investigated magnesium's interaction with the transport
ATPase.

Their experiments indicated that the (Na+K)-ATPasc

existed in two conformational states which were directly
influenced by the internal magnesium concentration.

Mag~

nesium's regulatory role here appeared to be mediated by
way of direct binding to magnesium-sensitive, inhibitory
sites on the enzyme.

The Phosphorylated Intermediate
Post et al. (1965) used radiolabeled ATP to study the
phosphorylation of membrane fragments.

Their experiment

showed that the magnitude of (Na+K) - ATPase activity correlated directly with the extent of labeled phosphate
incorporation by the membrane, indicating that phosphorylation was an essential
sequence.

ste~

in the overall reaction

Other investigations in this area demonstrated

that the inorganic phosphate was attached to the protein
of the ATPase through an acyl linkage (Nagano et al., 1965)\
specifically, to the B-carboxyl moiety of an aspartyl
residue (Post and Kume, 1973).
It was known that potassium ion stimu lates the
hydrolysis of the acyl-phosphate complex (Post et al., 1969),
but the mechanism of this reaction was only recently elucidated by Froehlich et al. (1976).

The potassium- activ-

ated turnover of the acid stable phosphorylated enzyme

12

gives rise to an acid labile intermediate, the breakdown of which is markedly enhanced by ATP.

Purification of the (Na+K)-ATPasc
Detergents have been used to solubilize the ATPase
(Shirachi et al.

3

1970), an essential first step in the

purification of a membrane-bound enzyme.

Matsui and Schwartz

(1966) partially purified the (Na+K)-ATPase of calf heart
muscle by successive treatments with deoxycholate and
sodium iodide.

The resulting enzymatic activity showed

an apparent Km of 2.4 x lo-4 M, within the range of values
previously reported for crude extracts .
ity was also demonstrated .

Ouabain-sensit iv-

One of the most successful

purifications to date was reported by Kyte (1972b), yielding
two polypeptides of 84 , 000 and 57 , 000 molecular weight.
The larger polypeptide was identified as the catalytic
subunit by demonstration of Pi inc orporation; the smaller
unit was characterized as a sialoglycoprotein.

The mass

ratio of the large/small subunits was reported as approximately 2 :1.

Hart and Titus (1973) were able to demonstrate

sodium-stimulated phosphorylation of the heavy peptide
subunit in the presence of ATP .s ubstrate.

Hokin et al.

(1970) purified lubrol extracts of rectal glands from the
dogfish s hark (Squalus acanthias) by zonal centrifugation
and ammonium sulfate fractionation .

The final purity of

13

the (Na+K)-ATPase was estimated at 60 to 95 percent,
depending on the assumed molecular weight of the functional ATPase complex.

Again, both heavy and light subunits

were observed, with the former possessing catalytic
activity.

Segrest et al.(l973) indicated that the

amphipathic character of the glycoprotein subunit allows
for interactions with both membrane and ions.
Nakao (1976) fractionated a solubilized preparation
of pig brain microsomes on a column of AE-cellulose, and
was able to demonstrate a multiplicity of (Na+K)-ATPase
activities.

There were at least two, and perhaps three,

distinguishable forms of active ATPase which differed
in stability, lipid content, and specific gravity.

Whether

these differences in the characterization of the purified ATPase represent variation in technique or tissue
source can only be resolved by further studies in this area.

The Lipid Requirements of the (Na+K)-ATPase
Biological membranes are forty percent lipid by weight
(Bretscher, 1973), so it is likely that a membrane-bound,
integral protein such as the (Na+K)-ATPase would show specific requirements for its native lioid environment.

Exper-

iments conducted by Wheeler and Whittam (1970) indicated
a requirement for phosphatidylserine for maximal ATPase
activity.

This observation was reinforced by Charnock

et al. (1973), reporting that the addition of phosphatidyl-

serine to a phospholipase-A-inactivated ATPase restores
the enzyme's activity to control values.

Cholesterol

was also suggested as a lipid requirement for active
(Na+K)-ATPase (Jarnefelt, 1972).

Hilden and Hokin (1976)

conducted an elegant experiment in which the endogenous
phospholipids of a purified (Na+K)-ATPase preparation
were replaced with phosphatidylcholine.

Ouabain-inhibit-

able ATPase activity was then successfully demonstrated,
indicating that the minimal essential components for
activity had been reduced to the ATPase and a single
phospholipid.
Fluorescent probe studies of the lipid mobility of the
membrane matrix showed a transition in lipid mobility
at 22°C (Charnock and Bashford, 1975).

Arrhenius plots

of the (Na+K)-ATPase activities showed a discontinuity
at 22°C .

Therefore, a correlation apparently exists

between the physical nature of the membrane lipids and the
activation energy (Ea) of the ATPase enzyme.

It had

already been shown that the conversion of potassiumsensitive to sodium-sensitive enzyme was affected by
lipid transitions (Barnett and Palazotto, 1974), which
may explain the observed shifts in activation energies .
Since this particular conversion of ion sensitivities
is rate-limiting in the overall reaction (Zetterqvist
and Mardh, 1973), the nhysi.cal state of the membrane lipid
matrix might be an important regulator of ATPase activity.

15

Ca-ATPase and K-Pase
Calcium-stimulated, magnesium-dependent ATPase
activity (Ca-ATPase) is well-documented in sarcoplasmic
reticulum preparations (Greengard, 1976), where it is

be~

lieved to serve a function in the termination of myofibril contraction by way of active uptake of calcium .
Recently, Robinson (1976) demonstrated Ca- ATPase activity in fresh microsomes prepared from rat brain homogenate.
The reported Km for this enzyme was lo-4 M ATP, similar to
the (Na+K)-ATPase.

However, unlike the monovalent cation

transport ATPase, Ca-ATPase activity declines rapidly
on storage.
Potassium-stimualted phosphatase (K-Pase), a microsomal enzyme usually assayed by its ability to catalyze
the hydrolysis of dinitrophenylphosphate, was examined by
Tanaka (1969).

This enzyme was differentiated from the

(Na+K)-ATPase by its lipid requirements, which were shown
to be le ss specific than those of the latter.

Even so, this

author suspected that K-Pase may represent a portion of
the overall (Na+K)-ATPase activity; specifically, the
partial reaction involving potassium-stimulated dephos- .
phorylation of the enzyme.

This speculation was extended

by Schatzmann and Vincenzi (1969), who argued that CaATPase, K-Pase and (Na+K)-ATPase may simply be three
different versions of the same enzyme complex.

16

Inhibitors
Inhibition of the sodium- and potassium-stimulated
components of ATPase activity by ouabain is well-documented in a variety of tissue preparations.

Receptors for thiB

cardiac glycoside have been demonstrated on the cell's
exterior surface (Whittam, 1962). By titrating these
binding sites, Kyte (1972a)was able to show one molecule
of glycoside binding per molecule of large molecular
weight ATPase subunit.

Glyco sides bind only to the

phos~

phorylated ATPase (Matsui and Schwartz, 1968 ), and produce
their inhibition by blocking the dephosphorylation step
of the overall enzymatic reaction (Blostein, 1970) .

Ex-

ternal potassium antagonizes ouabain binding by promoting
dephosphorylation of the ATPase (Bodemann and Hoffman, 1976a).
Correlations have been drawn between the glyc osides' ability
to inhibit the (Na+K)-ATPase and the positive inotropic
action (PIA) of these agents (Besch et al., 1970; Akera
et al., 1970).

Langer (1972) hypothesized that glycoside

inhibition of the ATPase results in a secondary increase in
intracellular calcium concentration, which then produces
the PIA.

However, more recent experiments in this area

have produced convincing arguments against the association
of enzyme inhibition and PIA (Ghysel-Burton and Godfraind,
1975; Okita et al., 1973).

These investigators suggested

that ATPase inhibition may correlate more closely with

17

glycoside boxicity than with the PIA.
The inhibitory actions of N-ethylmaleimide (Banerjee
et al . , 1972; Fahn et al., 1966) and thimerosal (Henderson
and Askari, 1976) have been attributed to their ability
to block sulfhydryl groups on the ATPase enzyme.

In low

concentrations, N-ethylmaleimide inhibits the potassiumstimulated dephosphorylation step without affecting sodiumstimulated phosphorylation of the ATPase.

Thimerosal

apparently blocks the binding of ATP to low affinity sites
which is essential for the dissociation of the stable
potassium-dephosphoenzyme complex .
In addition to the cardiac glyco sides, several other
drugs have shown inhibitory effects on the ion transport
ATPase.

Oligomycin inhibits both sodium-stimulated phos-

phorylation and potassium-stimulated dephosphorylation
(Blostein, 1970).

Cahill and Medzihradsky (1976) demon-

strated appreciable inhibition of the (Na+K)-ATPase in
the presence of methadone.

The effect was at least partial-

ly mediated through binding of the drug to the ouabain site.
Tower (1965) proposed an impairment of sodium and
potassium ion transport in ep ilepti c brain tissue, leading many researchers into an analysis of anticonvulsant
drug effects on the ATPase .

Gilbert and Wyllie (1975)

studied a series of drugs wi th known relative potencies
as anticonvulsants, finding a correlation with their
relative potencies as magne sium-depe ndent ATPase inhibitors.

lA

In later experiments these investigators (Gilbert and
Wyllie, 1976) were also able to show inhibition of the
sodium- and potassium-stimulated components of the total
ATPase activity by phenytoin, ethosuximide, and diazepam.
Though the relationship between the (Na+K)-ATPase and
convulsive disorders is still obscure, future research in
this area could provide substantiating results.
The first report of an endogenous inhibitor described
a

hea~stable · ,

acid-pre cipitable cytosol factor which

diminished magnesium-dependent ATPase activity (Skou, 1961).
Histones and certain polyamine acids (poly-L-lysine)
poly-L-ornithine) were shown to be inhibitors of the
(Na+K)-ATPase in thyroid slices, where a concomitant
inhibition of iodide uptake also occured (Kawada et al.)

1976).

Activators
Exogenous substances which produce activation of the
(Na+K)-ATPase are few in number in comparison to the known
inhibitors .

Toom et al . (1976) reported activation of the

ATPase by low concentrations of toxin from the jellyfish
Stromolophus meleagris.

Kimelberg (1976) demonstrated

increased potassium uptake and ATrase activity in 3T3
cells transformed by SV-40 virus, a phe r1ome non which was
attributed to the increased membrane fluidity of the
transformed cells.

The st 1mulation of (Na+K)-ATPase ac-

19
tivity by lithium chloride is of particular interest at
present.

A deficiency of sodium pump activity is known

to exist in persons with diagno sed bipolar affective
disorders; therefore, lithium's activation of the

trans~

port ATPase may be the biochemical basis for its known
efficacy in the treatment of this condition

(Hokin~

Neaverson et al., 1976) . . The mechanism of lithium
stimulation was studied in rat brain tissue by Robinson

(1975), who proposed that lithium stimulates by compet ing
with potassium for sites at which potassium normally
decreases the enzyme's affinity for the Mg-ATP substrate.
Furthermore, it was suggested that lithium also competes
with sodium at low affinity inhibitory sites which may
represent the external sites at which sodium is discharged
from the transport enzyme .

In short, lithium stimulates by

relieving any inhibition attributable to potassium and
sodium ions.
Of the endogenous substances, norepinephrine and
serotonin have been shown to activate the (Na+K)-ATPase
of rabbit cerebral synaptosomal preparations (Logan and
O'Donovan, 1976).

Using the brown adipose tissue from

cold-acclimated rats, Horwitz and Eaton (1975) showed
significant ATPase activat i on with norepinephrine, isoproterenol, cyclic adenosinemonophosphate and pheny lephrine
in micromolar concentrations .

Since brown fat thermogenesis

is under sympathetic neuroregulation, these experiments
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sueges ted a link between the catecholamine rec e ptor and
the (Na+K)-ATPase .

Porte et

§l_~.

(1973) and Sprecht and

Robinson (197 2 ) observed amino acid-induc ed stimulation
of (Na+K)-ATPase activity in Ehrlich ascites cells and
rabbit kidney, respectively.

The aromatic amino acids

tested (phenylalanine, histidine) showed the most marked
effect, usually in the 1 - 15 mM concentration

range.

Since similar activation was noted with chelating

agents~

these authors concluded that certain amino acids produce
stimulation by the removal of an endogenous, heavy metal
inhibitor of the ATPase.

Certain diamino acids showed

similar activating properties (Christensen and Sportes,
1976).

An endogenous, heat-stable act i vator present in rat

cerebral cortex cytosol was reported by Shirachi et al.
(19~).

The factor wa s dia ly zable, and produced signi-

ficant activation of Na-ATPase without affecting the level
of magnesium-dependent activity.

A partial purification

of the activating component was attempted by Toh (1975),
showing an apparent molecular weight in the range of
700 - 30,000 da ltons by means of dialysis and ge l chromat ographic procedures.

Kinetic characterizations of the

activation shm'led alterations of Vmax and Km, suggesting
factor-induced confo rmational changes in the ATPase or
activation of an isoenzyme.

STATEMENT OF OBJECTIVES

The objectives of the present study can be grouped
into four categories:
1.

To determine whether or not activation of microsomal ATPase by the cytosol, as observed previously
in rat cerebral cortex preparations, occurs in
other species and tissue sources; specifically,
in bovine caudate nucleus.

2.

To develop a consistent and repeatable partial
purification scheme for the factor using gel
filtration chromatography techniques.

3.

To determine some of th e fundamental properties of
the factor, such as its molecular weight and
whether or not it is a peptide.

It .

To elucidate the mechanism of activation by kinetic
analysis of the microsomal ATPas e in various ionic
environments, both in the presence and absence of
the activating factor .
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MATERIALS AND METHODS

Preparation of Homogenate
Fresh ox brains were obtained from a local slaughterhouse and transported to the laboratory on ice .

The

caudate nuclei were excised, weighed, and transferred to
the surface of an ice-cold Petri dish, where blood
vessel s and overlying fasciae were removed.

The nuclei

were then homogenized in nine volumes of cold 0.32 M
sucrose containing 1 mM ethylenediaminetetraacetic acid
(EDTA) and 4 mM imidazole, pH 7.0, using a PotterElvehjem homogenizer and teflon pestle (clearance 0.004" 0.006") which was driven by a Bodine motor (Model 106,
Talboy Engineering Corporation) at 2500 rpm.

Sufficient

homogenization was obtained with 15 strokes, minimizing
enzyme denatura tion by periodically cooling the homogenizer
on ic e .

The resulting 10% homogenate was us e d for the

preparation of either microsome s or cytosol.

Prepara tion of Microsomes
Ten perc ent homogenates of ox caudate nucle i were
subjected to a modification of the subcellular fracti onat ion
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2.3

scheme reported by Shirachi et al. (1970), which ls
summarized in Fi gure 2.

Throughout the p ro cedure ,

denaturation of the sample wa s minimized by working on
an ice bath and centrifuging under refrigeration (4°C).
Cold sucrose soluti on (desc rib ed above) was used for
the resusp e nsi on and washing of pellets.
The homogenate first was cent rifuged at 600

~

for

10 minut es in a Sorvall RC-2 Superspeed centrifuge (SS- 34

rotor).

The supernatant was set aside and the pellet was

washed in half the original volume of the homogenate and
recentrifuged at 600

~for

10 minutes.

The wash and the

saved supernatant were combined and centrifuged at 10 , 000 £
for 15 minutes .

The res ult ing pellet was washed twice in

half vo lumes, recentrifuging after each wash at 1 0 ,000
for 15 minutes.

~

The remaining crude mitochondrial p ellet

(MITO 1 ) was discarded, and the washes and final supernatant were combined and centrifuged at 80,000

~

(AV) for

75 minut es in a Beckma n 1 3-4 0 ultracentrifuge (30 r otor).

The resulting supernatant (SUP 1, cytosol fraction) was
discarded.

The pellet was washed with one ori ginal volume

and back-centrifuged at 10,0 00 g for 15 minutes t o y ie ld
the second mitochondrial pellet (MITO 2) which was also
discarded.

The remaining supernatant was cent rifuged at

80 ,0 00 g fo r 75 minutes t o obtain the mi crosomal pe llet,

which was resuspended in one-t hird the original homogenat e

10% Homogenate
600 g_ x 10 min.
PELLE'r
Wash with ~ vol .
600 g_ x 10 min .
SUPERNATANT

1

SUPERNATANT
Combine

PE LE'I'
(Nuclear)

I

10,000 g_ x 15 min.

Wash 2X with
~ vol.
10,000
g x 15 min .
I

SUPERNATANT

1

SUPERNATANTS

PELLE'r
(MITO 1)

Combine
80,000 g_ x 75 min

SUPERNATANT
(SUP 1)

PELLET
Wash with 1 vol.
10,000 g x 15 min.
SUPERNATANT

I

SUPERNATANT
(SUP 2)

Figure 2.

I

PELLET
(MITO 2)

80,000 g_ x 75 min .

rt

PELLET
(microsomes)

Subcellular Fractionat i on Scheme For Microsome Preparation.
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volume.

The resuspended microsomes were divided into

2 ml aliquots and stored at - 20°C until needed.

The

final supernatant (SUP 2) was discarded,

Preparation of

Cytoso~

Cytosol was prepared by an abbreviated version
(Figure 3) of the microsomal preparation procedure,
designed to minimize the final volume of this subcellular fraction.
The 10% homogenate was centrifuged at 600 g for
10 minutes.

The pellet was discarded and the superna-

tant was recentrifuged at 80,000 g (AV) for 75 minutes.
The final pellet was discarded ana the remaining supernatant (RAW SUP 1) was heated in a boiling water bath
for 5 minutes.

The boiled cytosol was again centri-

fu ged at 80 ,000 g (AV) for 75 minutes .

The pellet,

containing denatured material from the boiling treatment, was discarded.

The supernatant was stored frozen

(- 200C) until use.

Dialysis
Benzoylated dialy sis tubing (Sigma, flat width
32 mm) was rinsed with deionized water, immersed in 50 mM
imidazole, pH 7.3, then drained .

Ten ml of the heat-

treated cytoso l was placed in the tubing, and the ends
were sealed by knotting them together.

Dialysis was

10% Homogenate
600 g_ x 10 mi n.

I

SUPERNATANT

I

80,000

PELLET

& x 75 min .

SUPERNATANT

II

PELLE~r

Boil 5 min .
80,000 & x 75 min .

SUPERNATANT
(Cytosol)

PELLE 1l'

Fi gure 3. Subcellular Fractionation Scheme For Preparation
of Cytosol.
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performed against 1 lit e r of 50 mM imidazole, pH 7. 3, for
12 hours at ~°C, keeping the knotted tubing ends above
the dialysis solution at all times.

The solution was

stirred gently with a magnetic stirrer.

Following

dialysis, the retenate volume was determined, and an
aliquot was removed for activation analysis.

The retenate

was then redialyzed in a new change of imidazole buffer
for another 12 hours, after which retenate volume and
activation were again determined.

Another sample of

heat-treated cytosol was maintained at 40C for the length
of dialysis procedure to serve as a control.

Ly ophi lization
Lyophilization was performed to concentrate cytosol
samples before fractionation by gel filtration chromatography.

A measured volume of sample was placed in a

round bottom flask and frozen by spinning the flask in a
pan of dry ice and et hylene glycol.

The flask was then

immediately connected to a Virtis lyophilizer (Mode l 10-117),
and vacuum was maintained until the samp le was dry (6-12
hours).

The residual powder was collected by scraping the

inner wall of the flask with a spatula , weighed, and then
reconstituted in a minimum

velum ~

of triple distilled water.

Sephadex G-25 Fractionation
Approximately

~5

g

of Sephadex G-25 (Fine grade,
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Pharmacia) was expanded overnight in 250 ml of imidazole
elution buffer (50 rnM, pH 7.3) at room temperature, and
then poured in a single slurry into a 2.5 x 50 em column
(Bio-Rad).

The column was equilibrated by passing several

bed volumes (VT) of elution buffer.

The void volume (V

0

)

was determined by applying blue dextran to the column and
monitoring its elution profile by absorbance at 625 nm.
The lyophilized cytosol was reconstituted in onefourth its initial volume, and a 10 ml sample was carefully
layered on the column bed with a disposable Pasteur
pipette.

After running the sample completely into the

Sephadex, the column was filled with buffer and connected
to a buffer reservoir,
Elution proceeded at the rate of approximately 2 ml/min,
collecting 2.3 ml fractions with a Golden Retriever Drop
Col lect or (Model 328).

The fractionation was terminated

after the collection of 160 fractions, which were frozen
(-20°C) until needed.
The entire fractionation was conducted at ambient
temperature (23-250C).

Sephad ex G-10 Fractionation
The elution profile for the Sephadex G-25 fractionation of cytosol revealed a single broad peak of microsomal activation when assays were performed.

The

?.9

fractions within this peak area were combined (yielding a
total volume of 70-75 ml) and lyophilized to dryness.
The residual powder was reconstituted with triple-distilled
water to one- tenth its initial volume .
Approximately 25 g of Sephadex G-10 (Pharmacia) was
expanded overnight in 50 ml of elution buffer (50 mM
imidazole, pH 7.3) and packed in a 1. 5 X 30 em column
(Pharmacia, Kl5/30).

Column equilibration and V0 determination

were conducted as described for the G-25 column.
Approximately 2 ml of the lyophilized and reconstituted peak material was applied to the column and eluted
with the imidazole buffer at the rate of 0.5 ml/min under
a hydrostatic pressure of 15 em .

A total of 75 fractions

was collected at room temperature; each fraction containing 1 . 6 ml of eluate.

The fractions were frozen

(-20°C) until needed.

Adenosine-Triphosphatase Assay
Principle.

The microsomal adenosine -triphosphatase

(ATPase) activity was determined in three different ionic
environments, in the presence or absence of the partially
purified cytosol.

Depending on the ionic medium used,

the resulting activity was referred to as Na+K+Mg, Na+Mg ,
or Mg ATPase activity.

The enzymatic reaction results in

the lib e rati on of inorganic phosphat e (Pt) from the ATP
substrate.

One unit of enzyme specific activity was

de fin ed as th e amount of enzyme that hydrolyzed 1

~mol e

of ATP per mg of protein per hour.
The method of Martin a nd Doty (1949) was used to
quantitat e the inorganic phosphate liberated by the reaction .
In acidic solution

(pH~2.0),

inorganic phosphate will

complex with ammonium molybdate, and the resulting
phosphomolybdate complex is readily extractable into
an isobutanol-benzene mixture.

ATP and other organic

phosphate compounds remain in the aqueous layer, and
protein i s trapped at the interface of the aqueous and
organic layers .

The ye llow pho sphomo l ybdate complex is

th e n r e du ced with stannous chloride to form the blue color
of mo lybdenum .

Thi s color is stable for several hours, and

its inten sity is proportional to the amount of inor ganic
phosphate in the sample (Figure 4).
Procedure .
1.

The standard r eact i on mixture contained 0 . 050 ml

of the microsomal suspension, 4 . 4 mM tris-ATP, 25 mM imidazole
( pH 7 .3), and one of three diff erent ionic mixes:

a) 10 mM KCl, 110 mM NaC1, 5 roM MgC1 2
b) 25 mM NaCl, 5 mM MgC1 2
c)

5 mM MgC1 2
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The total volume of the reaction mixture was brought to
0.500 ml with triple-distilled water.

Where microsomal

ATPase activation was to be determined, 0.150 ml of the
partially purified cytosol was added to the reaction
mixture, and an equal volume of water was deleted.

Enzyme

reactions were conducted in duplicate or triplicate using
15-ml conical centrifuge tubes.

One set of duplicate

tubes containing all the components of the reaction
mixture except the microsomal suspension (replaced with
0 . 050 ml of 0.32 M sucrose-EDTA) served as a control for
nonenzymatic hydrolysis of ATP.

In addition, determinations

were made to account for any inorganic phosphate contribution from the cytosol itself.

In these experiments, the

microsomal suspension aliquot was omitted.
2.

The mixture was preincubated without substrate

at 37°C for 1 minute in a water bath.
3.

The enxymatic reaction was started with the

addition of ATP, and incubation continued at 37°C for
10 minutes.

4.

The reaction was stopped by the addition of

0.050 ml of 10% percholoric acid (PCA) with vortex mixing.
5.

A 0.250 ml aliquot was transferred from each

tube to round-bottom tubes containing 3 ml of 0.2 N HCl.
Two additional tubes received 0.250 ml of phosphate
standard solution.

Isobutanol-benzene (4 ml of a 1:1

solution) was then added to each tube 1 followed by 0,500 ml

of 5% ammonimum molybdate in sulfuric acid.

6.

The tubes were stoppered and shaken vigorously

for 10 seconds, then centrifuged (International Model K>
Size 2) for 5 minutes at 2200 rpm to facilitate the
separation of aqueous

7.

and organic layers.

One ml of the isobutanol-benzene layer (clear,

yellow upper layer) was transferred to another tube
containing 1 ml of acid ethanol.

8.

A fresh solution of stannous chloride was pre-

pared from a 10% stock solution, and 0.250 ml was added
to each tube.

Vortex mixing resulted in a blue color.

As a precaution, stannous chloride was added first to
the phosphate standard tubes.

If the expected intensity

of the blue color did not develop, a new stannous chloride
stock so lution was prepared.

9.

Ethanol (3 ml of a 95% solution) was added to

each tube and mixed.
10.

The sample absorbance was read at 700 nm (slit

width 0.5 mm) on a Beckman ACTA II UV-visible spectrophotometer against reference blanks containing identical

]

i

volumes of isobutanol-benzene, acid ethanol , stannous
chloride and ethanol .

Protein Assal
Principle.

The protein concentration of the micro-

somal suspension was determined by the method of Lowry et al.
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(1951).

This assay exploits the copper catalyzed re-

duction of phosphomolybdic-phosphotungstic acid complex
by tryptophan and tryosine residues in alkaline medium,
resulting in the development of a blue color.

It is much

more sens itive than the biuret and ninhydrin reactions,
or the measurement of UV absorbance at 280 nm.

The

amount of color will vary with different proteins .

Bovine

serum albumin (BSA) was used as a standard reference (Figure 5).
Procedure .
1.

Appropriate. aliquots of a 200

~g/ml

BSA standard

solution were added to duplicate conical centrifuge tubes
to give a range of 10 to 50

~g

of protein in a final

volume of 1.5 ml.
2.

Then, 0 . 050 ml aliquots of a five-fold dilution

of the microsomal suspension were added to centrifuge
t ubes in triplicate,

The volume was adjusted to 1. 5 ml

with triple-distilled water.

3.

One ml of Reagent C was added to each tube and

stirred immediately on a vortex mixer.

After 10 minutes,

0 .1 00 ml of Reagent E was added to each tube while vortexing .
4.

A blue color should develop.
Thirty minutes later, the color was read at

750 nm (slit width 0 . 5 mm) on a Beckmann ACTA II UVvisible spectrophotometer against a reference blank

I
i

containing all the reagents except protein .
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Trypsin Sensitivity

Anal;ysl~

Aliquots of purified cytosol (0.200 ml) were mixed
with 0.050 ml of trypsin solution (5 mg/ml in 50 mM
imidazole, pH 7.3)

in centrifuge tubes, yielding a final

trypsin concentration of 1 mg/ml.

The tubes were incubated

at 37°C for 30 minutes in a water bath, then placed in a
boiling water bath for 5 minutes.

After cooling to room

temperature, 0.150 ml aliquots were removed from each
tube and assayed for activation of microsomal Na+Mg ATPase,
Pre liminary experiments revealed that trypsin itself
produced some color in the inorganic phosphate assay.

To

account for this, 0.050 ml portions of trypsin solution
were incubated with 0.200 ml aliquots of imidazole buffer.
After boiling, 0.150 ml aliquots of the mixture were removed
and assayed for activation of mi cros omal Na+Mg ATPase, as
before .

In another set of control experiments, trypsin

solution and purified cytosol aliquots (0 . 200 ml) were
incubated and boiled separately.

After cooling, 0.050 ml

of the boiled trypsin solution was transferred to each
cytosol tube.

After mixing, 0.150 ml aliquots were removed

for activation assay.

Preparation o f Solutions
1.

ATP - One gram of the Tris salt of adenosine

triphosphate (three mo1es of Tris and two moles of H20
per mole ATP) was dissolved in 20 ml of triple-distilled
water, and the pH was adjusted to 7.15 with 1 M imidazole.
The total volume was then adjusted to 24.9 ml with tripledistilled water, res ulting in a 44.3 mM stock solution,
whi ch was stored at - 2ooc unti l needed .
2.

10% PCA - A seven-fold dilution of a 70% stock

solution of perchloric acid was made in trip l e-di st illed
water.
3.

Phosphate Standard -

An amount of 0 .141 g of

dibasic sodi um phosphate salt (Na 2HP0 4 ·7H 20) was dissolved
in a final volume of 250 ml triple-distilled water to give
200

~g/ml

4.

phosphate.
5% Ammonium molybdate - Ten g

of ammonium

molybdate crystals were dissolved in 80 ml of 10 N H2SO 11
then diluted to 200 ml with trip l e-distilled water.
5.

Isobutanol-benzene

Isobutanol and benzene

were mixed in a 1:1 ratio.

6.

Acid ethanol - Ethanol (95%) was added to 15 ml

of concentrated H2so4 to give a final volume of 500 ml.
7.

Stock stannous ch loride- An amount of 2 . 5 g of

anhydrous stann ou s chloride was dissolved in 1 2 N HCl
to give a final vo lume of 25 ml.

A fresh di l ution was

prepared for each assay by mix ing 0 . 20 ml of the stock
solut i on with 9 . 80 ml of 1 N H2so4.
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8.

Reagent A -

A solution of 2% Na 2co was prepared
3

in 0.1 N NaOH.
9.

Reagent B -

1. 0% Na K tartrate.

A solution of 0. 5% CuS011

.

5 H2 0 and

When these salts were stored together

in solution, precipitation often occurred. To avoid this;
Reagent B was prepared fresh for each assay by mixing 1.0%
CuS04 · 5H20 with an equal volume of 2.0% Na K tartrate.
10.

Reagent C -

An amount of 0.500 ml of Reagent B

diluted to 25 ml with Reagent A.
11.

Reagent E -

Folin-Ciocalteau phenol reagent was

diluted with an equal volume of triple-distilled water and
stored at 4°C until needed.
12 .

BSA - Bovine serum albumin (50 mg) was dissolved

and adjusted to a final volume of 250 ml in triple-disti lled
water, resulting in a 200

~g/ml

solution.

BSA was prepared

fresh for each assay.
13.

Sucrose-EDTA - An amount of 109.4 g of sucrose

was dissolved in 950 ml of triple-distilled water, to
which was added lOml of a solution containing 100 mM EDTA
and 200 mM imidazole.

The pH was adjusted to 7.0 with

1 M imidazole, and the final volume was brought to 1000 ml
with triple- distilled water.

The resulting solution con-

tained 0.32 M sucrose, 1 mM EDTA , and 4-6 mM imidazole.
14.

Elution buffer- An amount of 3.4 g of imidazole

was dissolved in 750 ml of triple-distilled water , then
adjusted to pH 7 . 3 with 1 N HCl.

The final volume was
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brought to 1000 ml with triple-distilled water, resulting
in a 50 mM imidazole solution.
15.

Trypsin solution - Pancreatic trypsin (50 mg)

was dissolved and diluted to a final volume of 10 ml :in
50 mM imidazole, pH 7.3, to give a 5 mg/ml stock solution.
Trypsin solution was prepared fresh for each use.
16.

Triple-distilled water - Prepared by processing

water through a Culligan TS 1 Reverse Osmosis System,
followed by metal distillation, glass distillation
(Corning A6-3), and deionization with a Crystalab
Deionizer.

The final resistance of the water was kept

below 2 megohms.

Reagents
All reagents were of analytical grade.

The Tris salt

of ATP, bovine serum albumin, imidazole and crude pancreatic
trypsin Type II were obtained from Sigma Chemical Company
(St . Louis, Missouri); EDTA from Aldrich Chemical Company
(Milwaukee, Wisconsin); Fa lin Ciocalteau phenol reagent
from Uni-Tech Chemical Manufacturing Company (Sun Valley,
California); disodium phosphate, sodium choloride, potassium
chloride, magnesium chloride from Mallinckrodt Chemical
Company (St. Louis, Missouri); perchloric acid and
arr~onium

molybdate from Baker Chemical Company ( Phillips-

burg, New Jersey); stannous chloride from Mathe son, Coleman
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and Bell Company (Norwood , Ohio); Sephadex and blue dext r an
from Pharmacia Chemical Company (Uppsula , Sweden ) ;

Nortrip~

tyline from Lilly Laboratories (Indianapolis, I ndiana ) .

RESULTS

Microsomal

ATPas~

Activity

The release of inorganic phosphate from ATP substrate
in the presence of microsomal suspension and the Na+Mg ionic
medium was determined after varying lengths of incubation.
The release was verified as linear (Figure 6) over the 10
minute iricubation period used for the determination of
ATPase activity in these experiments.
The microsomal ATPase specific activity was determined
in each of the three ionic media.

Duplicate determinations

were performed on microsomal samples obtained from 9 different subcellular fractionations.
Table I.

The results are shown in

The mean specific activities were 7.10, 7.79,

and 13.3 ~mol Pi · mg protein-1 · h-1 for the Mg, Na+Mg
and Na+K+Mg systems, respectively.

Significant difference

of the means was found when the Mg and Na+Mg results
were compared using Student's two-tailed! test (!
~

<0.01).

=

2.96,

A significant difference was also found when the

Na+K+Mg and Na+Mg systems were compared (t
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= 14.04,

P <0.001).
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Table I.

Activation of Microsomal ATPase by Cytosol.

Determination

N

~----ATP~s~ Sp~cJ-f'ic _ Ac't;i vJ_j;_y

Na + K + Mg

Na + Mg

Mg

rucrosomes

9

13. 3 + 0 . 4

7.8 + 0 . 2

7.1 + 0 . 2

Microsomes + Cytosol

3

18.3 .:!:. 0.8

16.4 + 0 . 9

10. 5 + l. 4

Specific activity is expressed in ~mol Pi · mg p r ote in-+ · h- 1 • Val ues are
reported as the mean + S .E.M. N represents the number of duplicate assays
performed. Cytosol aliquots of 0.150 ml were used.

J:::

o-,

Activation of Mi_crosomal ATPase By

C~~o~c~J

The microsomal ATPase spec ific activity was determined in each of the three ionic media with the addi tion
of 0.150 ml of cytosol to the incubation mixture (Table I).
Mean specific activities were 10.5, 16.4, and 18.3 for
the Mg, Na+Mg, and Na+K+Mg systems, respectively.

The

greatest apparent activation occured in the Na+Mg determination, representing a 110% increase over the specific
activity of the microsomes alone.

Activations of 38%

and 48% were observed in the Na+K+Mg and Mg systems .
Student' s t test was employed to confirm the apparent
significant difference between the mean specific activities observed in the presence and absence of cytosol.
levels of significance are:

Na+K+Mg system, t

= 6.66,

P <0 .001; for Na+Mg, t = 15.6, P <0.001; for Mg,
p

The

~ =

4.35,

<0 .01.

Dialysis of Cytosol
A 10 ml samp le of cytosol was dialyzed against two
changes of 50 mM imidazo le, pH 7.3.

It was hoped that this

procedure wo uld provide a method for desalting and partially
purifying the heat-stable, activat ing factor present in the
cytosol.

There was no change in the retentate volume

during the dialysis procedure.

Assays for activation of

the microsomal ATPase activities (Table II) indicated
almost total loss of activating factor from the dialysis
ret entate.

Ideally , the activation l ost from the retentatc

s hould be accountable in the dialysis buffer, but this
determination was not made.
The benzoylated dialysis tubing used for this experiment has an exclusion range of 1000 to 1200 daltons.
Since the activating factor was dialyzable, its molecular
weight appears to be less than 1000 daltons.
Examination of Table II also shows that activat ion as
demonstrated in the Na+Mg ATPase assay is dialyzed to a
greater extent than the activation revealed by the other
two ionic systems.

This observation will be discussed

later, in light of other experimental resul t s.

Initial Fractionation of the Cytosol on Sephadex G-10
When samples of lyophilized cytosol were loaded
directly on a column of Sephadex G-10 and fractionated,
two peaks of microsomal ATPase activation were eluted
(elution volume s : 15 ml and 75 ml). The positions of these
peaks on the elution profile are nearly identical with
thos e reported by Toh (1975) for the fractionation of
cyt o s ol from rat cerebral cortex by this method.

Table II.

Activation of Microsomal ATPase by Dialyzed Cytosol.

ATPase Specific Activity
Determination

Na + K + Mg

Na + Mg

Mg

Microsomes + Cytosol

18.1

16.2

12.7

Microsomes + 1st Dialysis Retentate

15.5

10.3

8.7

Microsomes + 2nd Dialysis Retentate

15.0

9.7

8.8

Micro somes

13.3

7.8

7 .1

Dialysis of the cytosol was performed as described in methods. Aliquots
(0 .150 ml) of the cytosol and its retentates from the first and second
dialysis were assayed for microsomal ATPase activation in each of the ionic
media. Specific activity is expressed in ~mol Pi · mg protein-1 · h-1.
Rep orted values are the means of triplicate determinations.
\.()
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Sephadex G-25 Fractionation of

the~osol

Lyophilized samples of the cytosol were fractionated
on a Sephadex G-25 column.

A representative elution

profile is shown in Figure 7.

The horizontal broken

line marks the basal Na+Mg ATPase specific activity of
the microsomal suspension; therefore, points above this
line indicate the effect of activating factor in
fraction.

th~

A single, broad peak of activation was apparent

in fractions 70 to 110, which approximately correlated
with a broad peak of UV absorbance at 280 nm.

Absorbance

in this region is generally attributable to the amino
acids tryptophan and tyrosine or peptides containing these
residues (Lehninger, 1970).

The marked 280 nm absorbance

peaked at fraction 40 which correlated with the void
volume of the column as previously determined by blue
dextran.

Therefore, these fractions contained substances

with molecular weights exceeding the 5000 dalton exclusion
limit (Curling, 1970) of Sephadex G-25.
A partial purification was achieved by collecting and
combining only the fractions between 70 and 110, since
much of the nonactivating material elutes in the void
volume.

Furthermore, potassium and other activating cations

of small molecular weight would elute much later, so a
desalting of the cytosol sample was also achieved.
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Sephadex G-10 Fractionation of Combined G- 25

Fraction~

Since the Sephadex G-25 experiments indicated a small
molecular weight substance, a Sephadex G-10 column was
employed to increase the resolution of the elution profile .
The Sephadex G-25 f ractions _70-110 were combined and concentrated by lyophilization.

This preparation was applied

to a Sephadex G-10 column and eluted with 50 mM imidazol e
buffer .

Figure 8 illustrates a typical elution profile

for this procedure.
Two peaks of activation were resolved; the first centered
at fraction 12 (19 . 2 ml) and the second at fraction 18 (28.8
ml).

Both peaks were retained by the gel matrix, since their

elution volumes exceed the void volume (V0 = 14.4 ml).

A

broad region of UV absorbance at 280 nm was again found to
correlate with these activation peaks.

Fractions 11 to 13

were combined and hereafter will be referred to as G-10 I.
Similarly, fractions 16 to 19 were combined, yielding G-10 II .
The elution volume of the first peak of activation
translates to a Kav value of 0 .1 9.
Kav

=

0.56.

For the second peak,

Only the first Kav value falls within the molecular

weight range of the calibration chart provided by Pharmacia,
indicating an approximate weight of 300 daltons for the
material in G-10 I.

The activator contained in G-10 II

therefore has a molecular weight somewhat l ess than
300 daltons.
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Activation of Microsomal ATPase ___Qx G-·1.9_ I
Table III shows the effect of 0.150 ml additions of
two separate purifications of G-10 I to the microsomal
ATPase incubation mixture.

Using Student's t test, a

significant activation was noted in all three ionic
systems when ATPase activity was compared in the presence
and absence of G-10 I .
for Na+Mg, 1

=

For Na+K+Mg,

1 =

10.9, P <0.001; for Mg, t

4.60,~

= 9.89,

<0.01;
~

<0.001.

However, it was noted that the magnitudes of activation
were roughly equal in all three ionic systems.

Increases

of 4.0, 3.9, and 3.7 ~mol Pi · mg protein- 1 · h- 1 were
noted in the Na+K+Mg, Na+Mg, and Mg activation assays,
respectively.

This observation suggested that the material

in G-10 I itself was somehow contributing to the final
color of the assay mixture, independent of any interaction
with the microsomal ATPase.

This was confirmed when 0.150 m1

samples of G-10 I were carried through the assay procedure
in the absence of microsomal suspension.

The resulting

7

absorbances at

~-were subtracted from those obtained

in the presence of microsomal suspension, giving the correct ed values reported in Table III.

When these values were

compared to the specific activities of the microsomal
suspension alone, it became apparent that "true" activation
(i.e. activation requiring the interation of activator
and enzyme) was not a property of the G-10 I material.

Table II I .

Activation of Microsomal ATPase By G- 10 I and G- 10 I I .

ATPase S Qecifi c Activitl
Determination

N
Na + K + Mg

~iicr·os omes

9

13 . 3 + 0.4

Microsomes + G- 10 I

2

17.3

Microsomes + G- 10 II

Na + Mg

±.

Mg
0.2

7 . 1 + 0.2

1.0

1 1 . 7 + 0.1

1 0.8 + 0.2

3

12 .9 + 0.3

11.2 + 1 . 0

7-9!. 0.3

Microsomes + G- 10 I,
Corrected for Blank

2

13.5

8.0

7.1

Microsomes + G-10 II ,
Corrected for Blank

2

12 . 5

10 . 8

7-5

Aliquots of 0.150 ml
assayed in duplicate
pressed in ~mol Pi ·
S . E.M . e xcept in the
Correction for blank

±.

7.8

from N separate preparat i ons of G-10 I a nd G-1 0 II were
for microsomal ATPase activation . Speci fic activity is exmg protein-1 · h-1 . Values a r e reported as the mean +
last two determi nations, where only the means are repor ted .
is described in RESULTS .

V1
.....;:
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Activation of Microsomal

~TPase

by G-10 II

Table III also shows the effect of 0.150 ml additions
of G-10 II to the microsomal ATPase incubations .

Appreciable

activation occured in the Na+Mg system, where a 44% increase
in microsomal ATPase specific activity was noted

t

<0.001).

assay

(! = 5~16,

A slight activation occured in the Mg-ATPase

(! = 2. 37,

t

<0.05), but in the Na+K+Mg system, there

was no significant activation of microsomal ATPase

t

(! =

0.55,

<0.60).
When G-10 II activations were corrected for the enzyme-

independent component of activation, as was done for the G-10
I assays, it became apparent that true activation only
occured in the Na+Mg system.

Ac tivat ion of Microsomal ATPase by Increas ing Amounts of
G-10 I and G-10 II
Figure 9 shows the effect of increasing amounts of
partially purified cytosol on the ATPase activity of the
microsomal suspension.

Duplicate assays were performed

using material from two separate purifications.
Two distinct types of activation were discernable :
increasing amounts of G-10 I resulted in a linear increase
in micro somal ATPase activity, while G-10 II activation
was saturable.

Only the latter observation is consistant

with expectations for a true activator of the microsoma l ATPase.
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Analysis of G-10 II Sensitivity to

Tryp~i~

The trypsin-sensitivity experiment was patterned
after a similar procedure reported by Pasternak> et al.

(1975).

The conditions of this experiment should allow

enzymatic cleavage of peptide bonds following lysine and .
arginine residues (Mihalyi, 1972).

Presumably, enzymatic

cleavage of a peptide activator should abolish its effect
on the microsomal ATPase.
The results are summarized in Table IV.

The apparent

activation of 1.9 specific activity units observed in the
Microsomes + Trypsin Control determination was actually due
to trypsin's contribution to the color development of the
assay.

Therefore, this false component of activation was

subtracted from the apparent activations of the remaining
determinations, resultingin the values for Net Activity
Increase shown in Table IV.

From these, the loss of

activation produced by trypsinization was calculated to be

41% by the following formula:

Percent Loss of Activation

=

2.7

~

1.6
X

100

2.7

Effect of Potassium Concentratiort on ATPase Activation
by G-10 II
Since appreciable activation occurred in the Na+Mg
system but not in the Na+K+Mg system, it was of interest

Table IV.

Analysis of G-10 II Sensitivity to Trypsin.

Determination

Apparent
Specific
Activity

Microsomes

7.7 + 0 .2

Microsomes + Trypsin,
Control

9.6 + 0.2

Net
Activity
Increase

0. 0

Microsomes + G-10 II +
Preboiled Trypsin

12.3· + 0.3

2

Microsomes + G-10 II +
Trypsin

11.2 + 0 . 1

1.6

> '(

Specific activity was determined in the Na + Mg system
and reported in ~mol Pi · mg protein-1 · h-1. Each
value is the mean + S.E.M. of four duplicate determinations us ing two separate purifications of G-10 II.

to determine potassium's effect on the activation
phenomenon.

Two experiments were conducted .

In the

first, microsomal ATPase specific activity was determined
in 110 mM NaCl, 5 mM MgC1 2 , and increasing concentrations
of KCl (0, 1.25, 2.50, 5.00, 7.50 and 10.0 mM), both in ·
the presence and absence of partially purified cytosol
(G-10 II).

The results are shown in Figure 10.

The

second experiment duplicated the conditions of the
first, except the NaCl concentration was set at 25 mM.
The results from these determinations are reported in
Figure 11.
Comparison of Figures 10 and 11 indicates that, in
the absence of potassium, a marked activation occurred
when 0 . 150 ml of G-10 II was included in the incubation
mixture, whether NaCl concentration was 25 or 110 mM.
As increasing concentrations of KCl were used, the magnitude of this activation decreased (i.e., the curves
derived in the presence and absence of cytosol converged).
The maximum specific activity attainable was approximately
constant (13.0 ~mol · mg proteir,-1 · h-1) in all determinations.
Examination of these curves also suggests that the
addition of G-10 II to the microsomal suspension resulted
in a shift of the potassium activation curve to the left.
This observation implies that the mechanism of G-10 II
activation could involve either direct stimulation at the

611
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1.0

s.o

Potassium Cone. (mM)

110.0
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potassium site of the ATPase enzyme, or an increase in the
enzyme's affinity for potassium.

The Effect of Nortriptyline· on ATPase Act·i vi ty
Nortriptyline, an inhibitor of the presynaptic reuptake
of catecholamines (Axelrod ·et a.l., 1961), was added to the
ATPase incubation mixture in varying concentrations.

ATPase

specific activity, in the presence and absence of 0.150 ml
of G-10 II, was determined in the Na+Mg system, and the
results are shown in Table V.

In the absence of activator

and at lo-3 M nortriptyline, the ATPase activity was
depressed below the control Mg-ATPase specific activity
of this preparation (8.0 ~mol P. · mg protein-1 · h- 1 ).
l

Significant ATPase inhibition was not produced at nortriptyline concentrations below lo-3 M.

In the presence

of the activating factor, lo-3 M nortriptyline again
produces inhibition of the magnesium-dependent ATPase
activity.

However, at nortriptyline concentrations below

lo-3 M, activation of the microsomal ATPase still occurred.

69

Table V.

The Effect of Nortriptyline on ATPase Activity
in the Presence and Absence of Activator.

Nortriptyline Cone. (M)

ATPase S:Qecific Activit:t
Control

Activator

0

8.6

13.0

lo-5

8.6

12.7

lo-4

8. 0 .

10. ·r

lo-3

1L6

5.1

Enzyme specific activity (llmol P · mg protein-] · h-1)
was determined in incubations wi~h varying concentrations
of nortriptyline, both in the presence and absence of
partially purified activator (G-10 II, 0.150 ml). Values
are the means of duplicate assays. The Na + Mg ionic mix
was used.

DISCUSSION

In this study, a heat-stable factor in cytosol which
activated the Na+Mg ATPase with neglig ible effect on the
Mg or Na+K+Mg systems was demonstrated in bovine caudate
nucleus.

Initial fractionation of the lyophilized

cytosol on a column of Sephadex G-10 resulted in a single
peak of activation eluting at the void volume .

These

observations are consistent with earlier findings in
this l abora t ory of an activating fact or isolated from
rat cerebral cortex (Toh, 1975), indicating that this
activation phenomenon is not speci fi c f or the species
or brain re gion of th e tissue source.

However, after column

fractionations on Sephadex G-25 followed by Sephadex G-10,
the apparent molecular weight of the act ivating substance
(<300) was much less than the value expected fr om a single
fra ctionation on Sephadex G-10, suggesting the possibility
that the sample was degraded during the chromatographic
purification procedure.
The coincidence of a 280 nm absorbance peak with the
second peak of activation eluting fr om the column of
Sephadex G-10 (G-10 II) suggests that the activating factor
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might contain an aromatic amino acid such as t yrosine or
tryptophan.

In fact, these amino acids have molecular

weight s (181 and 204, respectively) within the range
estimated from the elution volume of G-10 II, so the
activating factor could actually be free tyrosine or
tryptophan.

This possibility could be checked by

calibrating the column with several amino acid standards
(detecting their elution volumes with ninhydrin) and by
investigating the effect of varying concentrations of
tyrosine and tryptophan on micro somal ATPase activity.
It is also interesting to note that two different
types of activation were attributable to the peaks eluted
from Sephadex G-10 after initial des a lting on Sephadex
G-25.

The material in the second peak (G-10 II, M.W.<300)

showed the expected saturation kinetics of a true ATPase
activator, while the activation of the first peak (G-10
I,

M .W. ~300)

did not follow saturation kinetics and was

present even in the absence of microsomes.

It is possible

that the G-10 I fractions contain an acid-labile, phosphorylated compound which would break down in the acidic
environment of the phosphate assay.

The fr ee inorganic

phosphate released would make it appear as though activation had occurred.

This possibility could b e checked by

employing a recently published inorganic phosphate assay

, , .'
I '.:

( Ohnishi

s:_~

_?.1., 1975) designed to protect extra·- labile

phosphate compounds.
The dialysis experiment indicated that the molecular
weight of the activating substance was less than 1000 daltons,
although the possibility of degradation during the procedure
cannot be totally eliminated.

As noted earlier, the cyto-

sol's activation, as revealed in the Na+Mg system, was
dialyzed to a greater extent than the activation shown
in the Na+K+Mg system.

Other experiments showed that

"true" activation was apparent in the Na+Mg system only,
whereas the ''false" component of activation

(~ttributable

to the cytosol in the absence of the ATPase enzyme) can
be detected in both the Na+Mg and Na+K+Mg systems.

Consider-

ing these observations, it can be concluded that the large
drop in activation of the Na+Mg system after dialysis was
due to a loss of both true and false components of activation from the dialysis tubing.

The Na+K+Mg assays only

revealed the loss of the false component during dialysis,
and therefore the magnitude of this decrease was much less.
In retrospect, it appears that both true and false
components of activation were also discernable in the
stimulation of microsomal ATPas e activity produced by the
boiled cytosol (Table I).

The addition of 0.150 ml of

cytoso l to the incubation mixture resulted in an increase
o f 8.6 specific activity units in the Na+Mg aystem and
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5.0 units in the Na+K+Mg system.

This difference might

be explained by true and false component s
both were revealed in

th~

or

activation

Na+Mg assay, while only the

false component was detectable in the Na+K+Mg system.
An analysis of the sensitivity of the partially
purified (G-10 II)

activate~

to trypsin-catalyzed

hydrolysis showed a 40% loss of activation, suggesting
that the activating substance might be a peptide containing lysine and/or arginine.

A total loss of activation

after trypsinization would have allowed for a less
equivocal interpretation, but a doubling of the trypsin
concentration in the incubation mixture to 2 mg/ml did
not increase the percent loss of activation.

It is possible

that the demonstrated difficulty with trypsin (i.e. its
contribution to color production in the ATPase assay)
nullifies its usefulness in these studies.

Similar degrada-

tion experiments with chymotrypsin, which is less specific
in its substrate requirements, might prove more useful.
Toh (1975) interpreted the ATPase activation observed
in her cytosol preparation on the basis of the two-enzyme
hypothesls advanced by Czerwinski et al.(l967).

Toh con-

cluded that the factor found in her study specifically
activated a sodium-stimulated, magnesium-dependent ATPase
but did not affect the (Na+K)-ATPase.

In the present

study, it appears more likely that the facto r-induced
activation was mediated by the (Na+K)-ATPase alone.

As

shown in Figures 10 and 11, the microsomal ATPase responded
in a hyperbolic function to increasing concentrations of
potassium, reaching a Vmax specific activity of approximately
13 l.!mol Pi · mg prot.ein-1 · h- 1 .

The addition of partially

purified activator (G-10 II) to the incubation mixture
did increase the ATPase activity in the absence of
potassium; but with increasing concentrations of potassium,
the activity again plateaued at the previously observed
value of 13 spec ific activity units.

If it is assumed

that both a Na-ATPase and a (Na+K)-ATPase were present
in the microsomes and that the activating factor specifically stimul ates the former, then it should be possible
to attain a hi gher Vmax under conditions where both
enzymes are operat ing .

Since Vmax did not increase,

this lends · support to the concept of activation of single
enzyme complex, the (Na+K)-ATPase, by the factor.

Further-

more, the results suggest that the factor either increases
the potassium ion affinity for th e enzyme, or that the
factor itself may int eract with the potassium binding
site and thereby produce enzyme stimulation.

The former

explanation requires th e assumption that residual
potassium remained in the micros omes after subcellular
fractionation, perhaps in a bound form.

Both of these
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possibilities could be further investigated by more
rigorous kinetic analysis .
The proposed similarity of the factor to potassium in
its mode of ATPase stimulation raise s the question of
whether or not the activator might actually be potassium.
This possibility was e liminated on the basis of the known
elution volume of potassium (90 ml) from the Sephadex
G-10 column used, which appreciably exceeds the elution
volume of the G-10 II activation peak.
The use of this particular preparation does present
certain experimental diffi c ulties which should be discussed.
The specific activity of th e microsomal ATPase in th e
caudate nucleus is quite low i n comparis on with other
tissues, and the statistically signifi cant activation of
this e nzyme by th e factor actually represents a n increase
of only a few specific a ct ivity units.

It is not yet

cle ar whet h er an in vitro ac tivation of this magnitude
would tran slate to a biochemically or physiologically
s i gnificant event i n the intact cell .

In addition, the

e xperimental mode l used here (microsomal vesi cle s)

lacks

uniform "sided-ness " -- there i s no clear distinction
between event s which occur inside and outside

of the cell.

Thes e objections might be surmount a bl e with cell cult ure
t echniques or the use of eryt hrocyte ghosts.
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The microsomal system used also lacks homogeneity
with respect to cell type, which presents distinct difficulties in interpretation.
components are present.

Both glial and neuronal

The former cell type outnumbers

the latter by as much as 8 to 1 in mammalian brain, and
possesses significantly higher ATPase activity (Balazs
and Cremer, 1973).

Therefore, it seems likely that the

observations reported in this study apply more to glial
cells than neurons.

The heterogeneity of this system

is borne out at the subcellular level, since the microsomal fracticn is a mixture of fragments derived from
both pla s ma membran e and endoplasmic reticulum, and probably contains some residual mitochcndrial membrane
contamination.
Nortriptyline, a known inhibitor of presynaptic
catecholamine reuptake, was demonstrated to inhibit both
the Mg++_dependent and Na+- and K+~stimulated components
of the overall ATPase activity of this preparation.

However,

the concentrations at which this effe ct was observed
(lo-3 to lo-4 M) were toe high to allow for th e interpretation of ATPase inhibition as the biochemical basis for
this drug' s mechanism of action.

Nevertheless, it is

still of some interest to discuss the possible role of
microsomal ATPase in transport phenomena in general.
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Crane et al . .(1961) proposed a mechanism for the
active transport of gluco se , amino acids and other solut es
which involves a membrane-associated carrier protein.
The carrier binds both sodium ion and solute at the cell
exterior, and the resulting ternary complex migrates
across the membrane, utilizing the existing electrochemical gradient as a driving force.

At the interior face

of the membrane, sodium and sol ute dissociate from the
carrier, and transport is completed .

With time , the

co-transport of sodium i on would increase the internal
sodium concentration and eventually abolish the transmembrane gradient for this ion, were it not for the
ability of the (Na+K)-ATPase to restore the proper
internal levels of sodium by actively transporting it
outward.

Carrying this sequence of eventsto comp l etion ,

the stoichiometry of the ATPase demands that the outward
transport . of sodium be accompanied by the inward transport
of potassium in the ratio of two potassium ions for
every three ions of sod ium transported.

The entire process

can be summarized with equations:

3 Na +
in

3 GLUC in

=

3 Na+ out

=2

3 GLUC in

=

K+in

2 K+.

ln

(Carrier-mediated transport)
(ATPase reaction)

(net reaction)
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As can be seen, the net effect of solute transport -- in
this example, glucose (GLUC) -- is the inward transport
of potassium ions, a process which is electrogenic and
capable of disturbing the membrane potential.

It may be

argued that the accumulated potassium is eventually lost
anyway, owing to the membrane's permeability to this ion.
However, the results Qf the studies presented in this
thesis permit the proposal of another mechanism which,
though speculative, al lows for active transport without
the net accumulation of positive charge within the cell.
For this mechanism, two assumptions ari required:

first,

that the activating factor is, in · fact, a solute which
is normally accumulated in the cell by carrier-mediated
active transport as outlined above; and

~econd,

that the

activating factor or solute is capable of substituting
for potassium at its external binding sites on the membrane
ATPase.

Based on these assumptions, a modified sequence

of events can be proposed in the overall scheme of sol ute
transport.

The initial events remain the same --

substrate

and sodium ion are bound by the carrier and transported
into the cell as a consequence of the existing transmembrane
potential.

The resulting increase in internal sodium ion

concentration, in turn, stimulates the ATPase-medlated
expulsion of the accumulated sodium.

However , additional

solute is now transported into the cell inst ead of potassium
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by the ATPase.

The system can now be summarized with a

different set of equations:

=

3 Na+in

(carrier-mediated transport)

3 Na+out

=

2 GLUCin

(ATPase reaction)

3 GLUCin

=

2 GLUCin

(net reaction)

3 GLUC

in

The net reaction now shows the inward transport of five
solute molecules (three by the carrier and tw6 by the
ATPase) without an electrogenic net transport of positive
charge.

It seems unlikely that the extracellular solute

would reach a sufficiently high concentration to completely
favor its binding to the ATPase over that of potassium's.
Instead, this mechanism would tend to merely ameliorate the
net transport of
it complet ely .

po ~ itive

charge rather than to abolish

It should also be n oted that an electrogenic

transport remains unavoidable in the case of amino acids
possessing a ne t positive or negative charge (i . e . the basic
and acidic amino acids).

However, the majority of the amino

acids are zwitterions at physiological pH and show no
net charge.
As mentioned previous ly, the possibility also exists that
the activating factor stimulates microsomal ATPase by increasing
its potassium ion affinity.

This mod e of activation would
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support the assignment of a regulatory function to the
activator, as proposed by Toh (1975).

A soluble · activator

of the erythrocyte Ca-ATPase which lacks species-speciricity
has already been described by Luthra ·et al. (1976)a, so
it seems reasonable to expect a similar regulator for the
(Na+K)-ATPase.
A regulatory molecule within the cytosol could provide
a communication link which ties (Na+K)-ATPase activity to a
variety of biochemical processes.

Cyclic adenosine mono-

phosphate (cAMP) would seem to be an excellent candidate
for this function, but its effects on the membrane ATPase
are sti ll controversial.

Moszik (1969) and Barnabei et al.

(1972) reported inhibition of the (Na+K)-ATPase by cAMP,
Horowitz and Eaton (1975) observed stimulation, and Rodnight and Weller (1971) concluded cAMP has no effect at all.
It is possible that (Na+K)-ATPase activity is indirectly
controlled by cAMP levels through a sequence of int ermediate
reactions.

In this case, if the molecular components of

the intermediat e steps are absent from the particular preparation under study, cAMP will no longer affect ATPase
activity.

Perhaps this ·principle underlies the variability

in reports of cAMP effects on the (Na+K)-ATPase.
Such a sequence of reactions occurs in the regulation of
rat liver pyruvate kinase .

Here, cAMP activates a protein
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kinase which, in turn, catalyzes the phosphorylation of
pyruvate kinase, resulting in the stimulation of the
activity of this enzyme.

Of particular interest to the

present study was the observation that very short peptides

(5-6 amino acids in length), representing the sequence
present at the phosphorylation site of pyruvate kinase,
were successfully phosphorylated by the action of cAMPstimulated protein kinase (Zetterqvist et al., 1976).
Perhaps a similar protein kinase catalyzes phosphorylation
of an endogenous peptide and, in the process, cleaves from
this peptide a shorter fragment possessing the ability to
activate the ATPase.
that the two

p~aks

If so, it is tempting to speculate

of activation eluted from Sephadex G-10

contained these peptide fragments: a phosphorylated, nonactive fragme nt in G-10 I and the active cleavage product
in G-10 II.

An alternative possibility might involve

activation of a specific cleaving enzyme by cAMP-stimulated,
protein kinase-mediated phosphorylation.

The active cleaving

enzyme would then remove an ATPase activator fragment from
an inactive parent peptide.
Although the mechanisms of ATPase stimulation discussed
above are hypothetical, the successful recovery of activating material from fractionated cytosol as reported in
this thesis may provide a basis for the elucidation of the
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actual mechanism.

Experiments could be performed using

varying combinations· of microsomes, cAMP, G-10 I and G-10
II to check the possibility of cyclic nucleotide regulation
of the (Na+K)-ATPase.

The hypothesis advanced earlier --

that the activator interacts with potassium sites on the
ATPase -- could be tested with assays for the incorporation
of radiolabeled phosphate (from Y-labeled ATP) by the
microsomal suspension.

The binding of potassium to its

site stimulates dephosphorylation of the ATPase, which is
shown by a fall in the level of membrane-bound radiolabeled
phosphate.

I f the activating factor successfully subst itutes

f or potassium, a similar effect on the l eve l of membranebound label should be demonstrable.

SUMMARY

In this study, a soluble, heat-stable factor which
activates the microsomal ATPase was partially purified from
bovine caudate nucleus using gel filtration chromatography.
Fractionation of the boiled cytosol on a column of Sephadex
G-10 after a preliminary desalting on Sephadex G-25 yielded
two peaks of apparent activation.

Kinetic analysis demon-

strated that the ATPase activator was present in the second
peak (MW<300).

Dialysis experiments showed the molecular

weight to be less than 1000 daltons, in agreement with
the estimates derived from the gel filtration results.
Incubation of the partially-purified activator with
trypsin resulted in a 41% loss of activation, suggesting
that the factor is a peptide with lysine and/or arginine
residues.
The factor activated the ATPase in the Na+Mg ionic
system but not in the Na+K+Mg system, as was previously
demonstrated in this labor·a tory for the rat cerebral
cortex.

Other experiments s uggested that the factor may

stimulate the microsomal ATPase
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by

substituting for K+ at

its b i nding sit e s on the enzyme, or by increasing this
·enzyme's affinity for K+ .
The possible involvement of the factor in active transport
or cAMP-mediated regulation of ATPase activity was discussed
in light of the experimental results obtained in this research.
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